The history of Botswana's major seismic events has been initiated by two earthquakes that occurred on the 11 th of September and 11 th of October 1952
Introduction
Botswana is situated centrally on the Precambrian shield of Southern Africa, on a fault line [1] , and hosts the world's largest inland delta-the famous Okavango Delta Region (ODR) in the northwest. There has been earthquake swarms in the ODR between 1951 and 1953 [2] [3] . This aroused the interest of researchers and motivated the government to initiate a process of establishing seismological monitoring facilities. In response, the Botswana Geological Survey and the University of Botswana established a network consisting of 9 seismological stations, located in and around the ODR, at the beginning of the current century [4] . The stations were deployed primarily to monitor earthquake events associated with the delta, with its high seismicity attributed to a south-western extension of the East African Rift system [5] . However, as has been made evident recently, seismicity is not limited to the ODR, and small to moderate earthquakes in other regions of the country which have been occurring. These include western part of the Zimbabwe Craton in the east, and northern part of the Kaapvaal Craton in the south.
The objectives of this study is to use data from the International Seismological
Centre (ISC) bulletin starting with the year of Botswana's independence, 1966 through to 2012, to determine the magnitude of completeness (M C ), and to estimate the b-value and associated stress condition prevailing in Botswana. The paper is organized in the following manner. We start with a summary of the geology of Botswana; which is followed by a brief description of the methodology used. The b-value and the associated stress conditions are then presented; and finally the discussion and the conclusions are given.
Geological Setting
Rocks of different lithology, age and geological history are exposed in most parts of eastern Botswana. To the north-western Botswana, where the famous Okavango Delta Region is situated, these rocks are buried below the Kalahari sands of Tertiary and Quaternary age [1] . The key to the solid geology of the ODR lies in the surface outcrops in areas surrounding the swamps and in the available bore-holes which have penetrated the sub-Kalahari basement [3] . The oldest rocks in the region are granitoid gneisses of the Archaean Basement Complex. [6] also described ten north-easterly trending rift faults associated with the Okavango Rift Zone, including the Thamalakane, Kunyere, Linyanti, Chobe, Nare, Phuti, Lecha, Tsau, Gumare and Mababe and the east-south easterly trending Sekaka Shear Zone (Figure 1 ). These faults are, though not verified, the southernmost extensions of the same system of parallel fault lines that are pulling away from each other and have formed East Africa's Great Rift Valley [7] . A large area of southern Botswana is underlain by the Kaapvaal Craton [8] .
The Kaapval craton is limited to the north by the Limpopo Mobile Belt [1] , which was formed by a series of tectonic, magmatic and metamorphic events.
The western craton margin coincides with the linear, northerly trending geophysical discontinuity known as the Kalahari Line [8] . which separates large domains with strongly contrasting gravity and aeromagnetic signatures, also interpreted as a tectonic front [2] . The occurrence of a diamondiferous kimberlite at Gope demonstrates the presence of thick Archaean crust underlying that area, and suggests that this is cratonic in nature [8] .
The Zimbabwe Craton within Botswana occupies an area of about 60,000 km 2 [8] , of which the western half is mantled by Phanerozoic deposits. The craton margins are major tectonic discontinuities. In the south, the Zimbabwe Craton adjoins the Archaean intercratonic terranes of the Limpopo Mobile Belt. In the west, it terminates within the southwesterly extension of the Early Proterozoic Magondi Orogenic Belt [8] . The gneiss and granitoid units constitute about 75% by area of the Zimbabwe Craton. Rock masses in the Zimbabwe Craton are structurally complex. Most lithologies have been affected by diverse processes of shear deformation, partial melting and magmatic injection [8] .
Methodology
To start the analysis, an earthquake catalogue based on data compiled by the ISC [11] from the year 1966 to 2012, was prepared. An earthquake catalogue contains the location and magnitudes of recorded earthquakes, and can be used to assess rates and locations of future earthquakes [12] . The data covers a period of 46-years from 1 st January1966 to 31 st December 2012 and a total of 327 events.
The first seismic event identified was on February 1966. In order to investigate the variation of seismicity in Botswana a frequency-magnitude distribution plot was established, in which six events with missing magnitudes were not included. Earthquake frequency-magnitude relation helps to understand seismic activity in an area [12] . Parameters of earthquakes that were of interest in this work and extracted from the ISC Bulletins were: year, date, time, latitude, longitude and magnitude (Table 1) . From the four possible methods for interactively defining a search region of seismic events within the ISC Bulletin, a rectangular region of known coordinates was used to search for events hypocentres from the years 1966 to 2012. An online mapping tool known as @ batchgeo [13] was used to produce maps showing the magnitude distribution ( Figure 2 ) and the temporal distribution ( Figure 3 ) of events within the borders of Botswana from the ISC bulletin for the above mentioned period.
Frequency Magnitude Distribution (FMD)
The magnitude distribution of earthquakes has been found to show a power law behaviour when plotted on a logarithmic plot and the distribution is linear [14] .
This was first recognized in Japan [15] , and later [16] in California, introduced the magnitude-frequency relation of earthquakes (Equation (1) 
which provides a good fit to the magnitude distribution (Figure 4 Figure 5 ). Therefore, a more accurate M C increases the likelihood of determining the actual b-value of the distribution, which is an important factor in seismic risk analysis, prediction, and hazard, and its correct computation represents an important challenge as it provides vital information as per seismology of an area [18] . Large value for b (>1) indicates predominantly small earthquakes and indicates an area of low stress, while small b-value (<1) implies a relatively larger proportion of large earthquakes and is an indication of highly stressed area [12] , [19] .
The frequency-magnitude distribution can be used to make a probabilistic hazard forecast [20] , by rewriting the Gutenberg-Richter law in terms of probability of a target magnitude M t or larger event (Equation (2)):
where dT is the observation period (1966 − 2012 = 46 years). Using a = 6.3 and b = 1.2 ( Figure 4 ), we find that M4 and M5 events have annual probabilities of about 67.2% and (4.3%), respectively, while M6 or larger event has an annual probability of 0.3%.
Time Distribution of Seismic Events
Earthquakes do occur randomly in time [20] . This is the assumption that is commonly made when computing hazard. Changes in the rate can be related to artificially introduced shifts in the magnitude determination [21] . These changes are common in seismicity catalogues and they often remain undetected and can cause a significant change in the rate of earthquakes. Figure 6 shows the time distribution of seismic activity from the years 1966 to 2012.
Discussions
Over the years the distribution of seismic stations in Botswana was biased towards Ngamiland and Chobe Districts as a result of deployment approach that targeted the more seismogenic ODR at the time, due to limited resources. Figure  2 shows that most of the events that occurred around the ODR were of moderate [22] and also in [23] , in which the mean place of seismic events distribution was found to be between the Kunyere and the Thamalakane faults.
The role of water and sediment load on seismicity in faulted zones has been discussed by previous researchers, e.g., the geophysical studies of the San An- has been postulated by [28] regarding the ODR is one reported by scientists studying the Oklahoma earthquake, where they suggested that the injection of fluids could trigger earthquakes large enough to damage nearby structures [29] . Figure 4 shows a b-value of 1.2 which suggests that Botswana is a low stress area, dominated by small to moderate seismic events ( Figure 5 ). There is a decreasing number of seismic events above the threshold magnitude (M C = 3.8).
Larger earthquakes occur less frequently i.e. ten times as many earthquakes larg- Zoetfontein Fault is an extension of sub-parallel post-Karoo faults such as the Melinda Fault, from South Africa into Botswana, which formed as a result of the reactivation of the east-northeast trending Palala Shear Zone [9] . Similarly, the Makgadikgadi Line has been interpreted to coincide with a NE-SW axis of enhanced seismicity which separate large domains with contrasting gravity and aeromagnetic signatures, and which have been interpreted as a tectonic front [8] .
Conclusion
The main area of seismicity in Botswana was the Okavango Delta Region in Ngamiland East, in the period of [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] [1982] [1983] . However, this study shows that seismicity is distributed not only on the northern part of Botswana, but also in other parts of the country such as the Southern (including Kweneng East and West), Central and Eastern Botswana. The region that seems to have the highest International Journal of Geosciences micro-seismic activity currently occurs in the south western part of the country, the Kweneng west region. However, these findings contradict those from [23] , therefore, the recently expanded national network to monitor seismicity in the whole country of Botswana rather than only focusing on the ODR, will be handy in an attempt to achieve a better picture of Botswana's seismicity and probably contribute positively towards hazard mitigation.
